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Dear Participants, 

Society is facing the fourth industrial revolution, often referred to as Industry 4.0. 

Industry 4.0 refers to the concept of factories in which machines are augmented 

with wireless connectivity and sensors, and in a broader sense, also to the 

development of production processes that are compatible with the major concept. 

Current plasma technologies do not meet the standards of Industry 4.0 because of 

the lack of reliable sensors for real-time monitoring of plasma parameters and 

surface end-point. Plasma scientists face a tremendous challenge: the 

development of reliable and inexpensive sensors, which should be capable of 

integration into smart production lines.  

The 94th IUVSTA Workshop on reliable sensing and control of reactive plasmas 

gathers leading scientists in plasma sensors to discuss recent achievements in 

sensing technology as well as drawbacks of currently used sensors. Innovative 

sensors will have to be developed within the next decade. The key requirement is 

reliability. The accuracy is not crucial as long as a broad range of treatment 

parameters is tolerable – often by choosing discharges capable of self-adjustment. 

The sensors' response should be predictable and thus suitable for integration in 

digital twins. Distinguished scientists from world-leading groups in this field 

attend the workshop. 

The 94th IUVSTA Workshop on reliable sensing and control of reactive plasmas 

is organized by the Slovenian Vacuum Society and supported by the International 

Union for Vacuum Science, Technique and Applications. IUVSTA supports a few 

Workshops annually. Workshops provide a forum for intense debate and 

discussion between a small number of experts in a focused scientific or technical 

field that falls within the area of activity of the Scientific Divisions of IUVSTA. 

The 94th IUVSTA Workshop on reliable sensing and control of reactive plasmas 

is supported by the Plasma Science and Technology Division of the international 

union IUVSTA. 

Chairs        Ljubljana, May 2022 
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Bismuth-containing discharges in liquids: from emission 

spectroscopy to nanosheets synthesis 

A. V. Nominé (1), Th. Gries (1), C. Noel (1), A. Nominé (1,2), V. Milichko (1,2), T. 

Belmonte*(1) 

(1) Université de Lorraine, CNRS, IJL, F-54000 Nancy, France 

(2) ITMO University, St. Petersburg 197101, Russia 

The synthesis of nanosheets by discharges in liquids is observed for given metals when used as 

electrodes in liquid nitrogen. Metallic sheets, of a few layers thick are converted into oxides 

once they are in contact with the air. The growth mechanism of these sheets was clarified 

recently thanks to the simultaneous use of lead and bismuth electrodes. Both elements having 

similar melting points and masses, they behave alike and nanosheets made of both elements 

could thus be observed, demonstrating the synthesis of these nano-objects from the vapours 

emitted by either electrode. Optical emission spectroscopy was used and the time evolution of 

lines at the nanosecond scale showed that lines broadening is mainly controlled by Stark's 

effect. The proximity to equilibrium is thus demonstrated, which enables an easier treatment of 

the time evolution of the selected transitions. Finally, the dielectric properties of the nanosheets 

are showed to be extremely promising. 
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The metal foil pump technology – an enabler for nuclear 

fusion 

Christian Day and Yannick Kathage 

Karlsruhe Institute of Technology (KIT), Germany 

One of the major next steps towards nuclear fusion as a future global energy source is a 

demonstration fusion power plant (DEMO), which is under conceptual design in various 

countries around the world, also in Europe. DEMO is currently understood as a long pulse (2h) 

tokamak using the two hydrogen isotopes deuterium and tritium for fusion in a hot plasma. Due 

to the limited reactivity in the plasma core, the exhaust gas (re-neutralized particles) consists 

mainly of unburnt fuel, together with helium, impurities from plasma-wall interaction, and 

plasma enhancement gases (noble gases, nitrogen) which are added deliberately to control the 

radiative transport. In the European Fusion Programme, KIT is developing new technologies to 

reduce technical risks and increase the attractiveness of nuclear fusion. In this context, new 

technology has been developed, based on the continuous separation of the hydrogenic species 

from the exhaust gas. The main idea behind this technology, called metal foil pumping, is to 

expose the exhaust gas to a collisional cold plasma which generates suprathermal hydrogen 

particles that can penetrate a metal membrane with high diffusivity whereas all other particles 

cannot. By that, a pure hydrogenic gas stream can be extracted, pumped and immediately 

recycled to feed again the burning hot plasma in the tokamak. The talk will introduce the 

principal ideas of the fusion fuel cycle, delineate the requirements and challenges in the 

development of the new technology towards an acceptable readiness level, and finally present 

the latest results in characterizing the plasma and the material, which are the main parts of a 

working metal foil pump. 
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Reliable optical sensing of oxygen atoms 

Michael Mo (1), Kari Niemi (1), Andrew Gibson (2), Deborah O'Connell (3), Timo Gans 

(3) 

(1) York Plasma Institute, Department of Physics, University of York, UK 

(2) Institute of Electrical Engineering and Plasma Technology, Ruhr-University Bochum, 

Germany 

(3) School of Physical Sciences & National Centre for Plasma Science and Technology, Dublin 

City University, Ireland 

Atomic oxygen is highly reactive and plays a key role in many technological applications of 

low temperature plasmas. These applications include atomic scale manufacturing in the 

semiconductor industry, biomedical applications, plasma agriculture as well as energy storage 

and CO2 utilisation. Reliable measurements of absolute densities for atomic oxygen can be 

challenging but are highly desirable, equally for fundamental investigations as well as process 

monitoring and control. 

This presentation will focus on using Energy Resolved Actinometry (ERA) as a reliable sensor 

technology for monitoring and control of atomic oxygen densities. Energy Resolved 

Actinometry is an experimentally comparatively simple optical emission spectroscopic 

technique providing simultaneous access to the effective mean electron energy and absolute 

densities of atomic oxygen. It was first demonstrated for atmospheric pressure plasmas, 

benchmarked against nanosecond two-photon absorption laser induced fluorescence (TALIF) 

spectroscopy [1]. 

More advanced techniques for atmospheric pressure plasmas with complex gas mixtures will 

also be presented, i.e. synchrotron vacuum ultra-violet high-resolution Fourier-transform 

absorption measurements [2] and picosecond two-photon laser induced fluorescence 

spectroscopy (ps-TALIF) [3]. 

The main focus will, however, be on new advances in employing Energy Resolved Actinometry 

for low pressure plasma processing environments. This was first demonstrated for the influence 

of surface materials on plasma properties in a capacitively coupled radio-frequency plasma [4]. 

The more extreme, but industrially important, environment of higher density inductively 

coupled plasmas has proven to be more challenging. New approaches for successfully 

overcoming these challenges will be discussed, alongside comparisons with independent 

validation measurements using two-photon absorption laser induced fluorescence spectroscopy. 
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[1] A Greb, K Niemi, D O'Connell, T Gans. Energy resolved actinometry for simultaneous 

measurement of atomic oxygen densities and local mean electron energies in radio-frequency 

driven plasmas, Applied physics letters 105 (23), 234105 (2014). 

[2] J Dedrick, Sandra Schröter, Kari Niemi, Apiwat Wijaikhum, Erik Wagenaars, Nelson de 

Oliveira, Laurent Nahon, Jean-Paul Booth, Deborah O’Connell, Timo Gans. Controlled 

production of atomic oxygen and nitrogen in a pulsed radio-frequency atmospheric-pressure 

plasma, J. Phys. D: Appl. Phys. 50 455204 (2017). 

[3] Sandra Schröter, Jérôme Bredin, Andrew R Gibson, Andrew West, James P Dedrick, Erik 

Wagenaars, Kari Niemi, Timo Gans, Deborah O’Connell. The formation of atomic oxygen and 

hydrogen in atmospheric pressure plasmas containing humidity: picosecond two-photon 

absorption laser induced fluorescence and numerical simulations, Plasma Sources Sci. 

Technol. 29 105001 (2020). 

[4] T Tsutsumi, A Greb, AR Gibson, M Hori, D O'Connell, T Gans. Investigation of the radially 

resolved oxygen dissociation degree and local mean electron energy in oxygen plasmas in 

contact with different surface materials, Journal of Applied Physics 121 (14), 143301 (2017). 
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Plasma treatment of textiles for adsorption or synthesis of 

nanoparticles 

Marija Gorjanc 

University of Ljubljana, Faculty of Natural Sciences and Engineering, Aškerčeva 12, 1000 

Ljubljana 

Textiles have poor adsorption capacity towards nanoparticles, i.e., silver (Ag) or zinc oxide 

(ZnO), which are applied to textiles to provide certain protection, e.g., against UV radiation or 

bacterial attack. The adsorption capacity of textiles to nanoparticles is usually enhanced by wet 

chemical treatment at high temperatures, which also alters the bulk properties of the textiles 

and reduces their mechanical properties. In addition, wet chemical treatment is not 

environmentally friendly. The use of low-temperature gaseous plasma for the modification of 

textiles makes it possible to overcome all three main disadvantages of applying nanoparticles 

to textiles. Different plasma treatments for increased adsorption of various nanoparticles are 

presented. The plasma modified samples exhibit a higher amount of loaded nanoparticles and 

protective properties. In these cases, nanoparticle loading to textiles was performed after 

nanoparticle synthesis. Another possibility is the direct synthesis of nanoparticles on the 

textiles, where the plasma plays an important role in preparing the textile surface to complete 

the synthesis process. 
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Surface functionalization with chitosan for the binding of 

peptides 

Rupert Kargl (1), Tadeja Katan (1), Tobias Dorn (1), Tamilselvan Mohan (1), Miran 

Mozetič (2), Janez Kovač (2), Tanja Wrodnigg (1) Karin Stana Kleinschek (1) 

(1) Institute for Chemistry and Technology of Biobased Systems, Graz University of 

Technology, Austria 

(2) Department of Surface Engineering, Jožef Stefan Institute, Slovenia 

Thin coatings of the polysaccharide chitosan on solid substrates can be of interest due to the 

presence of primary amine and hydroxyl groups for further functionalization. The surface of 

such coatings can be modified by the immobilization of proteins, peptides, or glycoconjugates 

[1]. In this work, we describe the preparation of nanometric chitosan coatings on glass, silicon, 

gold, and polystyrene surfaces.  

Surface properties are analysed by different methods such as profilometry for film thickness, 

contact angle measurements for wettability, and atomic force microscopy for surface 

morphology. Elemental composition, as well as chemical bonding, is determined using x-ray 

photoelectron spectroscopy. Biofunctionalization and chemical derivatization of the coatings is 

monitored with a quartz crystal microbalance with dissipation measurement (QCM-D). N-tert-

butyloxycarbonyl (BOC) and Fluorenylmethyloxycarbonyl (FMOC) protected glycine are then 

used to form short peptides on the surfaces [2]. In a further step, chitosan coatings are surface-

functionalized with glycoconjugates [3], composed of a carbohydrate glycon and a lysine 

residue. The surfaces are proposed to be useful for basic interaction studies with proteins, 

enzymes or cells, or for biosensor applications. 

[1] Neugebauer, W., Williams, R. E., Barbier, J., Brzezinski, R., Willick, G. Peptide synthesis 

on chitin. International Journal of Peptide & Protein Research. 47, 269-175 (1995). 

[2] Katan, T.; Kargl, R.; Mohan, T.; Steindorfer, T.; Mozetič, M.; Kovač, J.; Stana Kleinschek, 

K. Solid Phase Peptide Synthesis on Chitosan Thin Films, Biomacromolecules 23, 731-742 

(2022). 

[3] Hojnik, C., Müller, A., Gloe, T-E., Lindhorst, T-K., Wrodnigg, T.M. The Amadori 

Rearrangement for Carbohydrate Conjugation: Scope and Limitations. EJOC, 25, 4328–4337 

(2016). 
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Non-conventional probe diagnostic for plasma processing 

Holger Kersten, Thomas Trottenberg, Luka Hansen, Mathis Klette, Felix Schlichting, 

Viktor Schneider, Alexander Spethmann 

Institute for Experimental and Applied Physics, University Kiel, Kiel, Germany 

Diagnostics of electrons and ions in plasmas and fluxes of charged and neutral species toward 

plasma-facing surfaces by non-optical methods will be discussed. The focus is laid on the 

fundamentals of the most common methods and their application to non-equilibrium plasmas 

and ion beams. The topics include Langmuir probes (LPs), Faraday cups (FCs) and retarding 

field analyzers (RFA), as well as novel calorimetric and force probes (CPs, FPs) [1]. These 

rather simple methods are useful tools for the measurement of overall, not species resolved, 

ions and neutral species fluxes toward surfaces. For example, RFAs provide overall ion energy 

distribution functions, whereas CPs and FPs can even deliver information about fluxes of fast 

neutrals. 

Although many of these diagnostics have their roots in the beginnings of plasma research, they 

were gradually refined to match the requirements of plasma environments in industry, such as 

rf-discharges, reactive plasmas, dusty plasmas, and atmospheric pressure plasmas. Examples of 

“non-conventional” diagnostics, which are also applicable in plasma processes, are the 

determination of the total energy fluxes from plasma to substrate by calorimetric probes [2,3] 

and the measurement of momentum transfer due to sputtered particles or changes of plasma 

pressure by force probes [4,5]. 

Most of the discussed methods will stay for sure a workhorse in future plasma research, where 

the fast-growing computational power allows for correct analysis and simulation of more 

complex situations including highly collisional sheaths or magnetic fields. Furthermore, the 

current trend in the miniaturization of sensors, adopted from the manufacturing of MEMS, will 

allow measurements with high spatial resolution in miniaturized plasma sources, like plasma 

jets or micro discharges [6], respectively. 

[1] J. Benedikt, H. Kersten, A. Piel. Foundations of measurement of electrons, ions and species 

fluxes toward surfaces in low-temperature plasmas, PSST, Vol.30, 033001, 2021. 

[2] H. Kersten, H. Deutsch, H. Steffen, G.M.W. Kroesen, R. Hippler. The energy balance at 

substrates during plasma processing, Vacuum, Vol. 63, pp 385-431, 2001. 

[3] S. Gauter, F. Haase, H. Kersten. Experimental unraveling the energy flux originating from 

a DC magnetron sputtering source, Thin Solid Films, Vol. 669, pp. 8-18, 2019. 

[4] T. Trottenberg, A. Spethmann, H. Kersten. An interferometric force probe for beam 

diagnostics and the study of sputtering, Eur. Phys. J. TI, Vol. 5, 3, 2018. 
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[5] M. Klette, et.al. Directionally resolved measurements of momentum transport in sputter 

plumes as a critical test for simulations, J. Vac. Sci. Technol. A, Vol. 38, 033013, 2020. 

[6] L. Hansen, N. Kohlmann, U. Schürmann, L. Kienle, H. Kersten. Conventional and non-

conventional diagnostics of a stable atmospheric pressure DC normal glow microplasma 

discharge intended for in situ TEM studies, Plasma Sourc. Sci. Technol., Vol.31, 035013, 2022. 
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Laser synthesized colloidal nanoparticles: photocatalysis in 

a fast lane 

Nikša Krstulović (1), Damjan Blažeka (2), Julio Car (3), Ivana Grčić (2), Andreja Gajović 

(3) 

(1) Institute of physics, Bijenička cesta 46, 10000 Zagreb, Croatia 

(2) Department of Environmental Engineering, GFV – Faculty of Geotechnical Engineering, 

Hallerova aleja 7, Varaždin 42000, Croatia 

(3) Ruđer Bošković Institute, Bijenička cesta 54, 10000 Zagreb, Croatia 

Water pollution is one of the greatest environmental problems which is expected to become 

even larger in the future and occurs due to a large amount of industrial waste material released 

into natural waters. Photodegradation of pollutants (organic or inorganic) into simpler and non-

toxic components using photocatalytic materials is a very promising and widely researched 

technique for wastewater treatment. TiO2 and ZnO are one of the most examined and promising 

photocatalytic semiconductor materials due to their low cost, high photocatalytic efficiency and 

non-toxicity. 

In this talk, we examined the photocatalytic efficiency of a laser-synthesized colloidal solution 

of TiO2 and ZnO nanoparticles synthesized by laser ablation in water. Pulsed laser ablation in 

liquid (PLAL) is a method which allows the synthesis of nanoparticles with very high purity 

compared to chemically synthesized nanoparticles. Due to its ecological acceptability, PLAL 

is often referred as the "green method".  

Photocatalytic degradation of UV-irradiated Methylene Blue and Rhodamine B solutions of 

different concentrations in the presence of different ZnO catalyst mass concentrations was 

studied in order to examine their influence on photodegradation rates. ZnO nanoparticles have 

shown high photocatalytic efficiency, which is limited due to different effects related to UV 

light transmissivity through the colloidal solution.  

Photocatalytic photo-degradation rate of Methylene Blue and diazepam under UV-Visible and 

visible irradiation is measured using crystallized ‘black’ TiO2 nanoparticles as photocatalyst 

and compared with photocatalysis using commercial Aeroxide P25 TiO2 nanoparticles of the 

same amount. Crystallized nanoparticles have shown by far the largest photocatalytic activity 

in visible than P25 for both MB and diazepam.  

These findings are important for water purification applications of laser-synthesized TiO2 and 

ZnO nanoparticles. 
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Surface-wave microwave discharge: an efficient tool to 

deposit active species into the liquids 

Kinga Kutasi 

Wigner Research Centre for Physics, Konkoly-Thege Miklos str. 29-33, H-1121 Budapest, 

Hungary  

The surface-wave microwave discharge generated with the help of a surfatron wave launcher is 

a very flexible system since discharge can be ignited in a wide pressure range from mbar up to 

atmospheric pressure. Both at low and atmospheric pressures, the species concentrations in the 

discharge and afterglow region can be easily tuned with the system parameters, initial gas 

mixture compositions and flow rate. At atmospheric pressure, the system is well adapted for 

liquid treatments, since the plasma plume that is in contact with the liquid can be easily tuned 

with the initial gas mixture composition and the treatment distance. By tuning the plasma 

composition, i.e., the concentration of electrons and nitrogen and oxygen content species at the 

plasma-liquid interface, the creation of NO2
−, NO3

− and H2O2 species in the liquid can be 

controlled, and plasma-activated liquids with very different compositions can be produced [1]. 

The system can also operate in a wide power range, which gives the possibility to tune the 

absolute density of gas-phase species, and consequently the species deposition into the liquid. 

[1] K. Kutasi et al. Plasma Sources Sci. Technol., 28, 095010 (2019). 
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Surface deposition of polysaccharides on plasma treated 

polymer surfaces for biomedical applications 

Marian Lehocky (1,2), Katerina Stepankova (2), Ilkay Karakurt (2), Kadir Ozaltin (2), 

Petr Humpolicek (1,2) 

(1) Centre of Polymer Systems, University Institute, Tomas Bata University in Zlín, Trida 

Tomase Bati 5678, 760 01 Zlin, Czech Republic 

(2) Faculty of Technology, Tomas Bata University in Zlín, Vavreckova 275, 76001 Zlín, Czech 

Republic 

Surface coatings of materials by polysaccharide polymers are an acknowledged strategy to 

modulate interfacial biocompatibility. Polysaccharides from various algal species represent an 

attractive source of structurally diverse compounds that have found application in the 

biomedical field. For example, Furcellaran obtained from the red algae Furcellaria lubricalis is 

a potential candidate for biomedical applications due to its gelation properties and mechanical 

strength. In the present study, immobilization of furcellaran onto polyethylene terephthalate 

surfaces by a multistep approach was studied. In this approach, N-allylmethylamine was grafted 

onto a functionalized polyethylene terephthalate (PET) surface via air plasma treatment. 

Furcellaran, as a bioactive agent, was anchored on such substrates. Surface characteristics were 

measured by means of contact angle measurements, X-ray photoelectron spectroscopy (XPS) 

and scanning electron microscopy (SEM). Subsequently, samples were subjected to selected 

cell interaction assays, such as antibacterial activity, anticoagulant activity, fibroblasts and stem 

cell cytocompatibility, to investigate the Furcellaran potential in biomedical applications. Based 

on these results, furcellaran-coated PET films showed significantly improved embryonic stem 

cell (ESC) proliferation compared to the initial untreated material. 
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Uniformity of the deposition rates in an industrial plasma 

reactor for PECVD of PMDSO-like thin films 

Miran Mozetič (1), Žiga Gosar (2) and Denis Đonlagić (3) 

(1) Department of Surface Engineering, Jozef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, 

Slovenia 

(2) Elvez Ltd., Ulica Antona Tomšiča 35, 1294 Višnja Gora, Slovenia 

(3) Laboratory for electro-optics and sensor systems, University of Maribor, Smetanova ulica 

46, 2000 Maribor, Slovenia 

Plasma-Enhanced Chemical Vapour Deposition (PECVD) is a classical technique for 

depositing thin films using non-equilibrium plasmas. A precursor (often a monomer) is 

introduced into a plasma reactor and partially dissociated upon plasma conditions. The radicals 

adhere to surfaces facing plasma and form a uniform film resembling a highly cross-linked 

polymer structure. The quality of the deposited films depends on the fluxes of various radicals 

on the materials facing plasma and the surface as well as gas temperatures. These parameters, 

in turn, depend on the type of the discharge, the discharge coupling, the discharge power, the 

rate at which the monomer is introduced, the effective pumping speed, etc. The films are 

uniformly deposited on substrates in small experimental reactors, but the uniformity in large 

reactors is rather inadequate. The deposition rates in different parts of an industrial reactor of 

volume of about 5 cubic meters were measured with numerous sensors. The deposition rates at 

selected discharge parameters were found to deviate from the average value by order of 

magnitude, depending on the distance from the precursor inlet and the electrodes. The highest 

deposition rate was located next to the pump duct, and the lowest was far from the electrodes. 

Furthermore, the deposition rates also decreased with increasing loading of the reactor with 

products to be coated. Both effects caused inadequate efficiency. The non-uniformity is 

partially suppressed by mounting the workpieces on planetaria and rotating them during the 

deposition. 
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Atmospheric pressure plasma systems for water 

decontamination and applications in agriculture 

N. Puač (1), Z. Lj. Petrović (1,2), A. Kumar (1), O. Jovanović (1), A. Petrović (1), G. 

Malović (1) and N. Škoro (1) 

(1) Institute of Physics, University of Belgrade, Pregrevica 118, 11000 Belgrade, Serbia 

(2) Serbian Academy of Science and Arts, Knez Mihailova 118, 11000 Belgrade, Serbia 

The non-equilibrium plasmas that operate at atmospheric pressure are now for several decades 

sources of rich gas/liquid chemistry that is used in various applications. The span of the 

applications goes from sterilization, wound healing, tooth bleaching, seed and plant treatment, 

water decontamination and production of plasma-activated water (PAW), to aerosol 

biopolymers (to name just a few of many). This gave us two completely new fields of Plasma 

medicine and Plasma agriculture [REF!!!]. We will present three different plasma sources that 

are used for water decontamination, production of PAW and direct treatment of meristematic 

plant cells. In the case of water decontamination and production of PAW the rich plasma 

chemistry in the gas phase when in contact with liquid can initiate strong oxidative mechanisms. 

This makes an atmospheric pressure plasma one of the strong candidates to be in line with 

Advanced Oxidative Processes (AOP). We have used 3-pin atmospheric pressure plasma jet 

(APPJ) for the decontamination of water polluted with several different organic micropollutants 

(OMPs). The system operated in static (no water flow) and recirculation mode. Another 

Dielectric Barrier Discharge type of APPJ was used for the production of PAW in order to 

investigate the influence of seed type on germination percentage and enzyme response, while 

the plasma needle type was used for direct treatment of meristematic plant cells.  

Acknowledgments: This work was carried out under NOWELTIES project, grant agreement 

No. 812880. N.S., A.P., G.M., O. J., and N.P. are funded by MESTD, grant number 451-03-

68/2022-14/200024. 
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Studies in sheath of an asymmetric CCP with an optically 

trapped microparticle 

Viktor Schneider and Holger Kersten 
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Applications of low-temperature plasmas range from etching processes and coatings of solids 

to plasma medicine and basic research. Important plasma parameters such as density, 

temperature or composition of the species are diagnosed using many established methods. 

However, it is difficult to probe the extremely important sheath region, which is only a few 

millimeters thick and, thus, not accessible with macroscopic probe methods, as they themselves 

change the plasma. In recent years, therefore, microparticles have been qualified as probes for 

so-called non-conventional plasma diagnostic purposes. Due to their size and their behavior in 

the plasma, they, in particular, are well suited for increasing the spatial resolution and, thus, 

providing information in addition to common diagnostics. 

In this study SiO2 microparticles are in an optical trap to manipulate them in the environment 

of a capacitively coupled asymmetric radio frequency discharge. In contrast to common plasma 

diagnostic tools (e.g. Langmuir probes, calorimetric probes, mass spectrometers etc.), in the 

μPLASMA (microparticles in a discharge with laser-assisted manipulation) experiment 

particles can be regarded as noninvasive single probes. The displacement of the particle in the 

laser trap is observed to measure a force while it is moving relatively to the plasma, either 

deeper into the sheath or into the plasma bulk. 

Force profiles at different pressures and rf-powers have been performed in the sheath of an 

asymmetric capacitively coupled plasma. The force is mainly determined by the particle charge 

and the electric field in the sheath region. Thus, the measured force while moving a single 

particle from the bulk plasma towards the electrode surface show a characteristic profile with a 

maximum and a decrease close to the electrode. 

Furthermore, the benefit of the presented technique is the possibility to retain the particle even 

after the plasma is turned off providing the possibility to perform additional studies, e.g. on the 

residual particle charge. 
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Usually, particular radicals are monitored for process control in simple processes. More 

processes are ruled by more radicals and particles in synergy. Integral parameters like electron 

density and electron temperature and/or RGB signal from optical monitoring can be applied for 

control of such processes. Examples of monitoring industrial-scale deposition processes and/or 

plasma etching will be presented. 
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Surface modification of medical catheters by plasma 

treatment 
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(1) Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia 

(2) University of Maribor, Faculty of Mechanical Engineering, Institute for Engineering 

Materials and Design, Smetanova 17, 2000 Maribor, Slovenia 

Urinary tract infections are one of the major worldwide infections. Infections usually occur as 

a result of biofilm formation on the surface of urinary catheters, and they are cured by 

antibiotics. Currently used urinary catheters have very poor bacteriostatic properties, therefore 

their surface needs to be modified to improve antibacterial resistance and slipperiness to avoid 

mucosal damage when inserting the catheter. For this reason, they are often coated with various 

antibacterial coatings. However, such coatings have bad adhesion to the surface. To overcome 

this problem, the surface must be activated by plasma. We performed treatment of urinary 

catheters in oxygen plasma. It was found that oxygen-plasma treatment caused only minor 

approval of the surface wettability (from 95° to approximately 73°). Therefore, the catheter was 

pre-treated using VUV radiation from hydrogen plasma. Such a two-step treatment using 

hydrogen plasma, followed by oxygen plasma significantly improved the surface wettability. 

The lowest contact angle obtained was 34°. 
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Ammonia formation on fusion relevant materials 
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The second world’s most expensive science experiment is ITER, which is the world's largest 

fusion reactor built in the south of France. ITER experimental campaign is crucial for preparing 

the way for the fusion power plants of tomorrow. In order to protect the ITER’s tungsten 

divertor from local heat loads, the seeding of gaseous impurities will be mandatory [1]. There 

are a few gasses which could be used for radiative cooling, among which nitrogen seems to be 

the best one. However, nitrogen seeding leads to ammonia production, which could be a 

potential issue for ITER, while tritiated ammonia would be produced in the D-T phase. 

In order to evaluate the addition of the tritiated ammonia to the ITER tritium inventory, many 

ammonia production experiments are being performed in fusion tokamaks, such as JET and 

ASDEX-U [2]. Under EUROfusion Medium-Sized Tokamaks work package our department 

participated in ASDEX−U experiments as spectroscopy analysis experts for the ammonia 

discharges and RGA experts. We managed to get our own few nitrogen seeded plasma shots. 

We analyzed the diverter visible spectroscopy and RGA measurements and concluded that 

ammonia is produced in the plasma shaded areas even in subsequent non-seeded shots [2]. 

Complementary to large-scale experiments performed in fusion tokamaks, EUROfusion also 

supports smaller laboratory experiments. Under EUROfusion Plasma Facing Components work 

package we also made some ammonia formation experiments in our plasma lab in the 

Department of surface engineering at Jožef Stefan Institute. In our dual atom beam laboratory 

experiment, we studied ammonia production on different fusion-relevant materials in a 

controlled environment. Two microwave surfatron plasmas were used as nitrogen and hydrogen 

atom sources. Neutral atom densities were measured with catalytic probes, whereas ammonia 

was measured with calibrated RGA. We also investigated the influence of He and Ar on 

ammonia production.  

[1] Neuwirth, D.; Rohde, V.; Schwarz-Selinger, T.; Team, A.U. Formation of ammonia during 

nitrogen-seeded discharges at ASDEX Upgrade, Plasma Physics and Controlled Fusion 2012, 

54, doi:10.1088/0741-3335/54/8/085008. 

[2] Drenik, A.; Laguardia, L.; McDermott, R.; Meisl, G.; Neu, R.; Oberkofler, M.; Pawelec, E.; 

Pitts, R.A.; Putterich, T.; Reichbauer, T., et al. Evolution of nitrogen concentration and 

ammonia production in N-2-seeded H-mode discharges at ASDEX Upgrade, Nuclear Fusion 

2019, 59, doi:10.1088/1741-4326/aafe23. 
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Hydrogen plasma simulation validation using optical 

emission spectroscopy 

Yannick Kathage* and Christian Day 

Karlsruhe Institute of Technology KIT, Karlsruhe, Germany 

Commercial nuclear fusion will be based on the fusion reaction of the two hydrogen isotopes, 

deuterium and tritium, as fusion fuel. Scarce in nature, the latter is a resource, for the use of 

which delicate planning is required. Once the demonstration fusion power plant DEMO is 

started, only a little of tritium will be available, giving a strong motivation to reduce the 

operational tritium inventory of a nuclear fusion power plant to a bare minimum. Once DEMO 

is working, it will produce its own tritium and a surplus to feed the start-up of other power 

plants. A small tritium inventory will also ease the licensing process and reduce any safety 

concerns. The key to reducing inventories is the Direct Internal Recycling concept which 

introduces a shortcut to the conventional fuel cycle design by new technology for separation of 

the fuel from the exhaust gas, the metal foil pump (MFP). 

The MFP consists of a coaxial linearly extended microwave plasma source and a thin metal foil 

made from a group 5 metal. The plasma delivers energetic particles such as atomic hydrogen 

that possess the energy for absorption into the foil, featuring significantly increased absorption 

probabilities over ground-state molecules. Upon diffusion through the foil, the hydrogen 

recombines to a molecular state downstream the foil, where it is pumped by backing pumps. 

Thus, plasma allows for plasma-driven permeation. 

The development of an MFP requires predictive tools for the performance of the pump and, 

thus, characterization of the plasma. To this end, a 2D hydrogen plasma simulation is created 

and validated using the experimental setup HERMESplus at KIT. The validation is performed 

using optical emission spectroscopy with the actinometer argon. We present the model as well 

as the results of the plasma simulation and compare these to those obtained from measurements. 

We also outline the experimental method developed to obtain radial profiles of the atomic 

hydrogen concentration and give an outlook on the next steps towards a finalized MFP design. 
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Silver, gold, and platinum doped zinc oxide nanoparticles 

produced by pulsed laser ablation in water 

Rafaela Radičić *, Dejan Maletić, Damjan Blažeka and Nikša Krstulović 
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Nanoparticles have a crucial role in nanotechnology thanks to their unique magnetic, electrical, 

mechanical, optical, and electronic properties compared to bulk materials. Zinc oxide (ZnO) is 

one of the most widely used materials with unique physical and chemical properties. 

Incorporating a new element in the ZnO crystal structure leads to enrichment of the electrical 

and optical properties and extends the area of its application. Pulsed laser ablation in liquid 

(PLAL) gained a lot of attention due to the simplicity, effectiveness, high purity, and fast 

production of nanoparticles. In this research, a simple two-step method for the synthesis of 

silver (Ag), gold (Au), and platinum (Pt) doped ZnO nanoparticles have been proposed. Using 

the pulsed laser deposition (PLD) technique, we produced targets where thin layers of metals 

(Ag, Pt, Au) have been deposited on a ZnO substrate. Such two-layer materials were used for 

targets in the pulsed laser ablation process producing a colloidal solution of doped ZnO 

nanoparticles (ZnO: Ag, ZnO: Au, and ZnO: Pt). The optical properties, crystalline structure, 

elemental composition, morphology, and nanoparticle size distribution were studied using UV-

VIS spectrophotometer, X-ray diffraction (XRD), X-ray spectroscopy (XPS), and scanning 

electron microscope (SEM), respectively. 
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Hydrogen plasma simulation validation using optical 

emission spectroscopy 

Yannick Kathage* and Christian Day 

Karlsruhe Institute of Technology KIT, Karlsruhe, Germany 

Commercial nuclear fusion will be based on the fusion reaction of the two hydrogen isotopes, 

deuterium and tritium, as fusion fuel. Scarce in nature, the latter is a resource, for the use of 

which delicate planning is required. Once the demonstration fusion power plant DEMO is 

started, only a little of tritium will be available, giving a strong motivation to reduce the 

operational tritium inventory of a nuclear fusion power plant to a bare minimum. Once DEMO 

is working, it will produce its own tritium and a surplus to feed the start-up of other power 

plants. A small tritium inventory will also ease the licensing process and reduce any safety 

concerns. The key to reducing inventories is the Direct Internal Recycling concept which 

introduces a shortcut to the conventional fuel cycle design by new technology for separation of 

the fuel from the exhaust gas, the metal foil pump (MFP). 

The MFP consists of a coaxial linearly extended microwave plasma source and a thin metal foil 

made from a group 5 metal. The plasma delivers energetic particles such as atomic hydrogen 

that possess the energy for absorption into the foil, featuring significantly increased absorption 

probabilities over ground-state molecules. Upon diffusion through the foil, the hydrogen 

recombines to a molecular state downstream the foil, where it is pumped by backing pumps. 

Thus, plasma allows for plasma-driven permeation. 

The development of an MFP requires predictive tools for the performance of the pump and, 

thus, characterization of the plasma. To this end, a 2D hydrogen plasma simulation is created 

and validated using the experimental setup HERMESplus at KIT. The validation is performed 

using optical emission spectroscopy with the actinometer argon. We present the model as well 

as the results of the plasma simulation and compare these to those obtained from measurements. 

We also outline the experimental method developed to obtain radial profiles of the atomic 

hydrogen concentration and give an outlook on the next steps towards a finalized MFP design. 
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Neutral atom density and recombination coefficient 

determination in low-pressure MW plasma 
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Primc (1,2) 

(1) Department of Surface Engineering, Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, 

Slovenia 

(2) Jožef Stefan International Postgraduate School, Jamova cesta 39, 1000 Ljubljana, Slovenia 

A low-pressure microwave-generated plasma system was used during experiments with 

catalytic probes with disc and tube-shaped tips made of nickel and cobalt. The plasma system 

was made up of two chambers, the first a narrow quartz tube for the plasma discharge, and the 

second a wider, borosilicate tube as the afterglow chamber. Oxygen and nitrogen gases were 

introduced at one end of the discharge chamber, while the gas was pumped out at the far end of 

the afterglow chamber using a rotary pump, achieving a base pressure of around 1 pascal. 

Catalytic probes were placed in the afterglow chamber, right next to the interface with the 

discharge chamber. With this setup, the effect of ions on the catalytic probe was minimized, if 

not outright eliminated. When using catalytic probes with tube tips, the majority of neutral 

atoms recombined on the tube surface, giving us reliable and reproducible values of neutral 

atom density. Those values were then compared with the measured neutral atom densities using 

probes with disc tips, and the recombination coefficient was calculated from the measurements. 

The resulting recombination coefficients seem to be pressure-dependent, reaching a maximum 

at lower pressures and then decreasing with pressure. 
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Nanoparticles have a crucial role in nanotechnology thanks to their unique magnetic, electrical, 

mechanical, optical, and electronic properties compared to bulk materials. Zinc oxide (ZnO) is 

one of the most widely used materials with unique physical and chemical properties. 

Incorporating a new element in the ZnO crystal structure leads to enrichment of the electrical 

and optical properties and extends the area of its application. Pulsed laser ablation in liquid 

(PLAL) gained a lot of attention due to the simplicity, effectiveness, high purity, and fast 

production of nanoparticles. In this research, a simple two-step method for the synthesis of 

silver (Ag), gold (Au), and platinum (Pt) doped ZnO nanoparticles have been proposed. Using 

the pulsed laser deposition (PLD) technique, we produced targets where thin layers of metals 

(Ag, Pt, Au) have been deposited on a ZnO substrate. Such two-layer materials were used for 

targets in the pulsed laser ablation process producing a colloidal solution of doped ZnO 

nanoparticles (ZnO: Ag, ZnO: Au, and ZnO: Pt). The optical properties, crystalline structure, 

elemental composition, morphology, and nanoparticle size distribution were studied using UV-

VIS spectrophotometer, X-ray diffraction (XRD), X-ray spectroscopy (XPS), and scanning 

electron microscope (SEM), respectively. 
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plasma-treated virgin polyethylene biochips 

Nina Recek (1), Mark Zver (1, 2), Gregor Primc (1) and Miran Mozetič (1) 
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(2) Jožef Stefan International Postgraduate School, Jamova cesta 39, 1000 Ljubljana, Slovenia 

Biochips with an outer diameter of 30 mm made from virgin polyethylene (PE) are commonly 

used in biological water and wastewater treatment plants, i.e. in moving bed bioreactors for 

biological removal. Biochips are carrier media with the capacity to retain biomass, such as 

bacteria, algae and other microorganisms, captured inside the pores of these biochips. The 

organisms can grow and differentiate inside the pore system of these biochips, which are used 

for denitrification, nitrification, chemical oxygen demand removal and anaerobic ammonium 

oxidation treatment processes. Using non-equilibrium gaseous plasma, we modified the surface 

properties of PE biochips to improve their biological performance further – to retain an even 

larger amount of biomass. Biochips were exposed to water containing 107 CFU/ml E.coli for 1 

h at room temperature. Oxygen plasma in E- and H-mode was used to modify the surface 

properties of biochips. Due to the temperature and ion density difference in E- and H-mode, the 

treatment in H-mode resulted in the etching and degradation of surface structure already after 

3 s of treatment at a generator power of 300 W. This resulted in the lower biomass capacity 

retain and lower performance of such treated biochips. Contrary, treatment in E- mode oxygen 

plasma at 50 W and 10 s proved very promising. In E-mode, functionalization of the surface 

with oxygen functional groups was achieved, making the surface very hydrophilic, almost super 

hydrophilic, and retaining up to 6-times more bacterial biomass than untreated virgin biochips. 

Such very promising plasma-treated biochips will be further tested in bioreactors containing 

wastewater from wastewater plants with different populations of microorganisms. 

In our study, we have yet again shown the great potential that CAP has as a decontamination 

tool. Due to its environmentally friendly properties and the ability to inactivate viruses, CAP 

presents a great alternative to currently used methods for water decontamination, which can 

produce toxic by-products or waste, can be expensive and cannot inactivate viruses. 
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Medical textiles are typically non-woven, spun-blow polymers, with good mechanistic 

properties, and excellent hydrophobic quality, which are meant to deflect droplets of biological 

fluids and thus protect personnel. Polymers like polypropylene and polyethylene terephthalate 

are relatively cheap and display high hydrophobicity due to their low surface free energy. This 

property makes them great materials for medical textiles, but difficult to modify with polar 

solvents to impart functional properties to them. Gaseous plasma is a complex mixture of 

electrons, ions, atoms, and molecules in ground or excited states. Depending on the type of gas 

used, gaseous plasmas can change the molecular structure of surfaces, improving their 

wettability. Since they can be operated at near room temperature, they are suitable for 

modifying sensitive materials, such as medical textiles. Using a gaseous discharge, we’ve 

successfully modified a polypropylene material to be sufficiently hydrophilic and serve as an 

activated surface for imparting functional properties too. The chosen functional property was 

antimicrobial activity, which was achieved by applying a polar solution containing an 

antimicrobial ingredient. The prepared material was able to reduce the number of microbes 

present by over 7 log10 units in 2 hours, verified by a plaque assay. The non-treated material 

itself provided no antimicrobial functionality and was unable to absorb the polar solution, while 

the activated surface showed no antimicrobial activity, demonstrating that the entire treatment 

process alone is needed to achieve antimicrobial attributes. This approach may lead to creating 

functional materials, which can be applied in many industries and areas where unwanted 

microbes can cause harm, for example medical, food, agriculture, or water treatment sectors. 

 


